The Optimal Viewing Position (OVP) effect shows that word identification is best when the eyes first fixate near the centre of words. While this effect has been extensively studied in normal reading conditions, it has not been much investigated for words in the periphery. Here, we compared, in a perceptual identification task, the OVP effect for words presented either on the line of sight or in the lower visual field. Results confirmed the existence of an OVP effect for both central and vertically-shifted words but this effect was significantly weaker in the lower visual field. This finding provides further evidence for an important role of letter visibility in determining the shape of the OVP phenomenon. It also indicates that aligning the eyes with the centre of words is not as critical for vertically-shifted words. Implications for patients with central field loss who are forced to read in the periphery are discussed.
Introduction
Due to the drastic decrease of visual acuity on either side of the central, foveal part of the retina and the interference from adjacent stimuli, or visual crowding (Bouma, 1970) , visual performance deteriorates very rapidly from the centre of the fovea towards the periphery. In normally sighted readers, poor resolution in the periphery is compensated for by the execution every about 200-250 ms of very brief saccadic eye movements. Although there is great variability in the eyes' landing position, saccades most often bring the fovea near the centre of peripheral words or slightly left of it (i.e. the preferred viewing position; Rayner, 1979) ; this allows words to be processed optimally during the intervening eyefixation periods (i.e. the Optimal Viewing Position or OVP effect; O'Regan et al., 1984) . However, in patients with central field loss as in Age-related Macular Degeneration (AMD) or Stargardt's juvenile macular disease, word processing can no longer proceed in the fovea, and it relies instead on information extracted in various parts of the remaining intact peripheral field (or Preferred Retinal Locus, PRL). Interestingly, while the position of the PRL of patients is not predictive of their reading performance (Fletcher, Schuchard, & Watson, 1999) , processing in the lower visual field seems to be more advantageous, at least after training (Fine & Rubin, 1999; Nilsson, 1990; Petre et al., 2000) . This suggests that there might also be an optimal locus for peripheral words to be recognised most efficiently. To provide further insight on this issue, but also in an attempt to better understand the origin of the OVP phenomenon, the present study tested whether words presented in the lower visual field benefit, just as foveal words, from being horizontally centred on the retina.
The OVP effect, investigated in a number of studies, tells how the initial horizontal placement of the eyes in a word constrains its identification and the subsequent eye movement pattern (for reviews see Brysbaert & Nazir, 2005; Rayner, 1998) . Originally found during the reading of isolated words presented at variable horizontal locations relative to a previously displayed fixation point, and for limited vs. unlimited durations, the phenomenon was later found to generalise to natural reading, though being somewhat weaker (Vitu, O'Regan, & Mittau, 1990) . The classical finding is that performance is best with the eyes near the centre of a word, or slightly left of it; the likelihood of correctly reporting a word is higher, and naming latency as well as lexical decision time are shorter when the eyes initially fixate near the centre of the word than when they start fixating the beginning or the end of the word. In a relative manner, the likelihood of refixating a word (i.e. of making an additional fixation on the word) is lower and the gaze duration (i.e. the total time the eyes remain on a word before moving to another word) is shorter when the eyes first fixate near the centre of the word than when they start fixating one of the word's ends.
The typical OVP curve is a U-or inverted-U shaped curve depending on the dependent variable; it is U-shaped for naming latency, lexical decision time, refixation probability and gaze duration, and inverted U-shaped when the probability of correct identification is measured. Irrespective of the dependent variable, the OVP curve has two main characteristics; the location of its minimum/maximum and its slope (i.e. how fast performance increases or decreases as the eyes fixate away from the optimal location). As revealed in isolated-word studies, the slope is relatively invariant. Reaction times (i.e. naming latency, lexical decision time and gaze duration) increase by about 20 ms per letter deviation from the optimal position. Reciprocally, when words are presented for a very short duration or for the time of a single fixation, the likelihood of correct identification, which is maximal near the centre of words drops by at least 10% per letter deviation from the optimal position (Nazir, O'Regan, & Jacobs, 1991; O'Regan, 1990; Stevens & Grainger, 2003) . As reported by Brysbaert, Vitu, and Schroyens (1996) , this also holds beyond the word boundaries that is even when words are displayed in the parafovea. The location of the minimum/maximum of the OVP curves is often slightly shifted to the left of the words' centre irrespective of their length. Still, the asymmetry of the curves tends to increase as words get longer which results in gradually steeper slopes for the right compared to the left half of the curves.
Different factors have been proposed to account for the shape and/or the asymmetry of the OVP effect observed in central vision: letter visibility, lexical constraints, reading habits and interhemispheric differences. These four factors are not necessarily mutually exclusive and may contribute jointly to word identification performance (for a review see Brysbaert & Nazir, 2005) . The hypothesis that letter visibility plays a major role in the OVP effect is based on the drastic decrease of visual acuity, and reversely the strong increase of crowding when retinal eccentricity increases; given these, more letter information accumulates when the eyes' initial fixation falls near the centre of words. In accordance with this hypothesis, it has been shown that the bowl shape of the OVP effect, and possibly the asymmetry of the curves, can be captured by simply summing or multiplying the visibility from a given eye fixation location, of each of a word's individual letter. In a model first proposed by McConkie et al. (1989) , letter visibility was derived from a linear visual acuity function which attributed an information value of 1 to the fixated letter, and an arbitrary drop-off rate of information of 0.1 for each additional letter deviation from fixation. This accurately predicted maximal word identification for fixations near the centre of words, but failed to reproduce the typical rightward bias of OVP curves. In a revised model, Nazir, O'Regan, and Jacobs (1991) proposed that the asymmetry of the effect arises from visual constraints specific to letter strings, thus suggesting that visual crowding, visual attentional processes and/ or reading habits are also involved. In a letter discrimination task, they found in line with several other authors (Bouma, 1973; Legein & Bouma, 1977; Legge, Mansfield, & Chung, 2001 but see Stevens & Grainger, 2003) , that the likelihood of correctly identifying a letter embedded in a string of homogeneous letters, decreases faster in the left compared to the right visual field. Based on these letter visibility scores, they successfully predicted typical OVP curves, with a steeper slope in the right compared to the left half of the words and a slight shift of the optimum of the curves to the left of the words' centre.
The hypothesis that lexical factors play a greater role in the OVP effect was proposed by Clark and O'Regan (1999) . Their word identification model incorporates minimal letter visibility principles, but does not attribute the OVP effect to the amount of letter information which accumulates from various fixation locations. Rather, this is the level of lexical information carried by the set of extracted letters which is at the origin of the effect. If the centre of words is an optimal location for word identification, it is not because more letters can be extracted from this location, but it is because the extracted letters are shared by a smaller number of words in the lexicon (see also Stevens & Grainger, 2003) . In their model, Clark and O'Regan (1999) computed a measure of lexical ambiguity for various theoretical fixation locations in words of variable length and frequency. Lexical ambiguity was defined as the number of words, in the French or the English vocabulary, which were compatible with only four letters of a given word, the ones a priori extracted during a fixation irrespective of its location (i.e. the two letters at fixation, which benefit from being centred on the fovea and the two most extreme letters of the word, which are less subject to visual crowding). The curves representing lexical ambiguity as a function of fixation location predicted the empirical OVP curves quite accurately; they were U-shaped, with a minimum slightly to the left of the words' centre and a steeper slope for the right compared to the left part of the words. Several findings further corroborated the lexical hypothesis by revealing slight variations of the location of the optimum of OVP curves with the informativeness of the words' initial letter sequence (Holmes & O'Regan, 1987 ; see also Farid & Grainger, 1996) .
As originally proposed by Nazir (2000) , reading habits, and more precisely perceptual learning may also contribute to determine both the shape and the asymmetry of OVP curves (see also Mishkin & Forgays, 1952; Nazir et al., 2004) . According to her hypothesis, the variations of word identification performance with retinal location would be a consequence of the preferred viewing position effect or the tendency, in languages read from left to right, for the eyes to land more frequently near the centre of words or slightly left of it (Rayner, 1979) . Left-to-right adult readers would be better at identifying words within the central, or right-tocentral part of their visual field because they would have been adapted to visualise words in that part of their visual field while learning to read. In line with this hypothesis, it was found that unknown visual patterns presented repeatedly in one given part of the visual field can be recognized only at the learned retinal location but not at others (e.g. Nazir & O'Regan, 1990 but see Chung, Legge, & Cheung, 2004) . In addition, it was shown that the OVP effect does not generalise to pseudo-words (i.e. pronounceable, nonword, string of letters) and that the right visual field advantage, which remains greater for words than pseudo-words, and for letters compared to symbols, is specific to left-to-right readers (Grainger, Tydgat, & Isselé, 2010; Nazir et al., 2004) . Still, there is no clear leftward asymmetry of the OVP effect in languages read from right to left (e.g., Arabic or Hebrew native readers; Farid & Grainger, 1996; Nazir et al., 2004) as would be predicted by the perceptual learning hypothesis. This may be due to inter-hemispheric differences, the fact that the left cerebral hemisphere generally plays a greater role in language processing (Brysbaert, 1994 (Brysbaert, , 2004 . Indeed, Brysbaert (1994) showed a significant effect of cerebral dominance on the OVP effect, with more symmetrical OVP curves for participants with right-hemisphere language dominance.
Although lexical constraints, perceptual learning and interhemispheric differences certainly contribute to the OVP effect, some findings suggest a predominant role of visual constraints. First, neither the slopes nor the location of the optimum of OVP curves varies with word frequency (O'Regan & Jacobs, 1992; see also O'Regan & Lévy-Schoen, 1987; Vitu et al., 2001) , while some variations would be expected at least under lexical and possibly perceptual-learning hypotheses. On the other hand, in line with the visual hypothesis, it has been demonstrated that the shape of OVP curves varies with the visual characteristics of the stimuli. Nazir, Heller, and Sussmann (1992) varied inter-letter spacing and showed that the slopes of the curves became gradually greater as spacing, and hence the eccentricity (or the visibility) of each letter increased (decreased). Nazir, Jacobs, and O'Regan (1998) scaled letters in words proportionally to their distance to the fixation location, and found flatter OVP curves. However, the weakening of the effect was found only for short, 5-letter words, but not for longer words of 9 letters, thus violating the predictions of the visual model in that specific case. This finding can be reconciled with the visual account only if, as proposed by the authors, perceptual learning also intervenes in word identification: compensating for letter visibility would remain inefficient as long as it would modify the usual shape of the words, and most exclusively the shape of long words. An alternative may simply be that lexical statistics intervene mainly in the case of long words, thus when the amount of letter information is relatively low (see Clark & O'Regan, 1999) .
Whether the OVP effect generalises to words presented below the line of sight is, as we have seen above, a central question for reading in peripheral vision. It also provides a new and elegant way to further assess the contribution of low-level visual factors to the OVP phenomenon, but without changing the visual aspect of the words as in previous studies. Indeed, given the geometrical properties of visual acuity and crowding, the impact of the horizontal alignment of the eyes with the centre of words should be weaker (i.e. the slopes of OVP curves should be smaller) for vertically-shifted words compared to vertically-centred words. Fig. 1 shows why this might be the case; the 2-D retinal eccentricity of each letter of a word increases more slowly for words in the lower visual field compared to vertically-centred words (when character size is held constant). Since visual acuity decreases monotonously with the increase of retinal eccentricity (Wertheim, 1980) , while crowding increases in proportion to 2-D eccentricity (Bouma, 1970; Pelli et al., 2007) , the drop-off rate of word identification performance with the horizontal eye deviation from the word's centre should in turn be less drastic for words in the lower visual field.
To our knowledge, the OVP effect for vertically-shifted words was investigated in one study only, and the results revealed a stronger, but not weaker OVP effect with increasing vertical eccentricity (0-8°; Battista & Kalloniatis, 2002) . However, these findings cannot be taken as a strong case against the above predictions. Indeed, identification performance was on average very high, near 100% correct in some conditions. Since test words were very short (4 letters), presented for rather long durations (90-100 ms) in both central and peripheral vision, and not scaled according to their vertical eccentricity, it is quite likely that ceiling effects modified the exact shape of the OVP curves as words were presented closer to the horizontal meridian (see Brysbaert, Vitu, & Schroyens, 1996) . Here, to the contrary, we tested the OVP effect in longer (5-and 7-letter) words that were presented either on the horizontal meridian or at an eccentricity of 3°below fixation, while participants' eye fixation location was controlled online. In addition, as further detailed below, the presentation time of the words in the two vertical presentation conditions was different in order to equate overall performance, and hence to reduce the likelihood of floor or ceiling effects.
It was previously shown that stimulus presentation time affects the likelihood of word identification, but has no effect on the general shape of the OVP curves, at least as long as there are no floor or ceiling effects (Brysbaert, Vitu, & Schroyens, 1996) . Thus, to compensate for the difficulty of the task in peripheral vision, we used two different presentation durations for the two vertical presentation conditions, while holding character size constant. This was preferred to scaling letters according to their vertical eccentricity (e.g. Legge, Mansfield, & Chung, 2001) as the effect of character size on the OVP effect remains undetermined. After a preliminary experiment (see Section 2.3), presentation durations of 34 ms and 148 ms were selected for the vertically-centred and the vertically-shifted conditions respectively.
Methods

Participants
Nine individuals volunteered to participate in the experiment, for a remuneration of 30 €. They were all students of Aix-Marseille University and were between 18 and 25 years old. Participants were native French speakers and had normal uncorrected vision. They were all naïve with respect to the purpose of the experiment.
Materials
A total of 720 target words of 5 and 7 letters were selected for the experiment. They were nouns, adjectives in the singular form, adverbs, or verbs in the infinitive form or in the past tense. Their printed frequency of occurrence in the language was estimated from the 'Lexique 3' database (www.lexique.org; see New et al., 2001) . Mean word frequency (l) was 96 occurrences per million (with a standard deviation, r, of 270) for 5-letter words and 40 occurrences per million (r = 270) for 7-letter words. For each length, half the words had a low frequency (less than 15 occurrences per million for 5-letter words with l 5l = 3.7 and r 5l = 2.8, and less than 10 occurrences per million for 7-letter words with l 7l = 2.51, and r 7l = 2.1), and the other half had a high frequency (more than 20 occurrences per million for 5-letter words, with l 5l = 189, r 5l = 360 and more than 15 occurrences per million for 7-letter words, with l 7l = 78, r 7l = 94).
The total set of selected words was rearranged into 10 lists that corresponded to the 10 blocks of trials following a Latin-square design (see Section 2.4). Each block was made of 76 words, 72 randomized, target words (18 of each category of length and frequency), and four practice words, always at the beginning of the block, to prepare the participant for the upcoming test trials. Two practice lists of 76 medium-frequency words were also presented before the first and the fifth block to train participants in each vertical-shift condition.
Procedure
An experimental session lasted about 4 h, breaks included (see below). Participants were seated in an adjustable chair in front of a computer screen; their head movements were restrained by use of a bite bar and forehead rest. They had at their disposal a response button to use during the calibration procedure and a keyboard to type the words/letters they had seen. Participants were asked not to move their head while typing their response on the keyboard and before doing so, they were asked to keep their eyes in the screen area and to move them down slowly towards the keyboard to avoid damaging the eye tracker.
Each block of trials was preceded by two phases, the set-up of the eye-tracker and a 15-dot calibration phase (see Vitu, Lancelin, & Marrier d'Unienville, 2007) . The experimental blocks corresponded to the following sequence of events. First, the trial number was presented in the central, upper part of the screen during 800 ms. Then, two vertically-aligned bars appeared near the centre of the screen (on the vertical midline but slightly above the horizontal midline). Participants were asked to fixate the gap in between the two bars. The bars were presented for a minimal duration of 200 ms and until the computer detected a fixation within a small region around the bars (8 pixels, or 0.27°, on the horizontal axis and 30 pixels, or 1°on the vertical axis). Then, the bars were removed and the target word was displayed at the gap location in the centre condition, or 3°below in the vertical-shift condition for 34 and 148 ms respectively. This was followed by a mask of 19 hash marks, which covered all possible stimulus locations and hence did not preserve word length information. Word presentation times were chosen following a preliminary experiment, in which two participants were presented with 7-letter words that were always horizontally centred relative to the previously displayed fixation bars, but appeared at a vertical eccentricity of 0°or 3°and for variable durations. In order to balance the two conditions of vertical eccentricity, and also to prevent any floor or ceiling effect during the main experiment, we selected the presentation durations which yielded about 50% correct responses; these corresponded to 34 and 148 ms in the 0°and the 3°conditions respectively.
The mask remained on the screen until the participants pressed the keyboard return key. Participants were asked to press the return key as soon as they estimated having recognised the target word or not being able to recognise it. Then, they typed on the keyboard the word they had identified or all the letters they had seen at their respective position; in the latter case, they replaced missing letters by underscores ''_''. Participants were requested to type the word in its correct orthographic form, with the accents and with no typos. Participants' response was displayed online in the central part of the screen (slightly above and left of the initial fixation point). Participants could erase typed letters at their ease, but after they pressed ''enter'' again, their response, which was erased from the screen, could no longer be modified. After a delay of 1 s, the next trial began. At the end of a block, the number of correctly identified words was displayed at the top of the screen.
Every participant was presented with two practice blocks and 10 test blocks (five in the centre condition and five in the vertical-shift condition). The two conditions were run in a fixed order, with the centre condition being always run first and the vertical-shift condition following. The latter was the most difficult condition and thus required more training than the former; it thus benefited from identifying briefly presented words in the horizontal condition (see Chung, Legge, & Cheung, 2004) . In each block, the words were presented in a random order; this differed for each participant. Participants ran the experiment at their own pace, taking a break each time they wanted (but between blocks). This reduced the likelihood that fatigue interfered with their performances.
Design
In the experiment, there were four within-subject manipulations. The first was the horizontal shift (in number of letters) of the fixation bars relative to the centre of the test word (or initial fixation position), with nine levels, À4, À3, À2, À1, 0, 1, 2, 3, and 4 for 5-letter words and À6, À4.5, À3, À1.5, 0, 1.5, 3, 4.5 and 6 for 7-letter words. Negative values indicated that the fixation position was to the left of word's centre, while positive values corresponded to fixations to the right of the word's centre. The selected range of fixation locations allowed comparison with prior reports of the OVP effect. The values for 5-and 7-letter words were different in order to have, for each word length, five fixation positions within the limits of the word and four fixation positions beyond the word boundaries (see examples in Fig. 2) . The three other manipulated variables were the vertical shift of the word with two levels (0°and 3°from the midpoint between the initial fixation bars; see Fig. 2 ), word length with two levels (5 vs. 7 letters) and word frequency with two levels (high vs. low frequency). Each participant saw a total of 720 test words, that is 10 words of a given length and frequency in each presentation condition. A Latin-square design was used such that all participants saw each word only once, but all words were seen in every horizontal-shift condition across participants. As the number of participants was not high enough to perform a Fig. 2 . Examples of three horizontal shift conditions for 5-and 7-letter words for the vertically centred condition. The two small vertical bars indicate fixation position. For negative values of horizontal shift (here À2 or À3), the fixation position is to the left of the word's centre. Note that the nine horizontal shift conditions were different for the 5-(À4, À3, À2, À1, 0, 1, 2, 3, and 4) and the 7-letter words (6, À4.5, À3, À1.5, 0, 1.5, 3, 4.5 and 6). These values of horizontal shift were the same across vertically-centred and vertically-shifted conditions. complete Latin-square design, we chose not to counterbalance the stimuli between the two vertical presentation conditions, and hence between the blocks. This means that one given target word always appeared in the same block of trials, i.e. either in the vertically-centred (Blocks 1-5) or in the vertically-shifted condition (Blocks 6-10), but always at a different horizontal position across participants. The words were randomly assigned to the different conditions/blocks, but word frequency was matched in order to prevent any artefact related to lexical differences.
Apparatus
Eye movements were recorded using a Generation-V DualPurkinje-Image Eye Tracker (Ward Electro-Optics, Inc), sampling the right-eye position every millisecond with a spatial accuracy of 10 min of arc (Cornsweet & Crane, 1973) . The eye tracker was interfaced with two IBM-compatible microcomputers. The first computer recorded button-press events and eye movements and analysed the eye-movement signal online, using the software developed by Van Rensbergen and De Troy (1993) . The second computer controlled the visual presentation of the stimuli and stored the participants' responses for the word identification task. Eye movement parameters were continuously sent to the second computer, so that the visual display could be changed contingent on the position of the eyes. Stimuli were displayed in graphics mode on a 17 in. CRT monitor with 60 Hz refresh rate. Only lower-case letters, displayed in 'smallfont' with Turbo Pascal, were used and their size was the same in all conditions; each letter and character space subtended respectively 10 and 14 pixels corresponding to .33°and .47°of visual angle at a distance of 85 cm from the participants' eyes. Vision was binocular. The room was dark except for a dim indirect light source.
Data analysis
Before data analysis, the participants' responses were screened and eventually corrected to ensure that a correct response would not be classified as incorrect due to typos or orthographic errors classically made in writing French. Typing errors that were corrected included omission or substitution of an accent, and errors leading to the wrong word or a non-word, due to omission of a letter or addition/inversion of nearby letters on the keyboard. Ambiguous errors (e.g. addition or omission of an ''r'' at the end of a verb) were not corrected and hence left as incorrect responses. In all analyses, data were selected if (1) the word appeared during a fixation and not during a saccade, (2) participants did not make a saccade or press the keyboard before the mask was displayed, (3) there was no blink or any signal irregularity during this time frame. After this first selection, a total of 1235 trials were rejected (i.e. 21.8% of the full data set).
Since initial fixations within a certain region around the fixation bars triggered presentation of the target word, the eyes were often not exactly aligned with the midpoint between the bars. Thus, in the analyses, we used as an independent variable, not the horizontal shift of the word defined a priori relative to the fixation bars, but the actual horizontal deviation of the eyes expressed in number of character positions relative to the word's centre. In addition, we checked the true vertical position of the eyes when the word was presented; although we kept the categorical vertical-shift variable in the analyses, we selected for analysis only the trials in which the vertical eye position was less than 1.5 standard deviation from the mean across participants in the corresponding condition. Overall, the mean and standard deviation (in degrees of visual angle) of the distributions of the vertical eye position were m c = À0.012°and sd c = 0.35 for the vertically-centred condition, and m vs = 0.35°and sd vs = .37 for the vertically-shifted condition.
This second selection eliminated 517 more trials. Descriptive and statistical analyses were conducted on a final set of 3901 observations (i.e. 73% of the original set).
Statistical analyses and plots were performed using R Development Core Team (2008) . Proportion of correct answers was analysed with a mixed-effects model (i.e. the variable ''subject'' was included as a random effect) using a logistic regression within the Generalised Linear Mixed Effect Model (GLMM) (NLME package in R, Pinheiro & Bates, 2000) (Bolker et al., 2009; Zuur et al., 2009) . We entered in the model the absolute value of the horizontal shift, referred to as horizontal distance (from 0 to 6 letters), and the direction of the fixation position relative to the word centre (right vs. left side). Negative horizontal shifts corresponded to fixations to the left of the words' centre and positive horizontal shifts to fixations to the right of the words' centre. We also included as independent factors, vertical shift (0°vs. 3°), word length (5 vs. 7 characters), word frequency (low vs. high) and block number (as a continuous variable, from 1 to 10). We included interactions between horizontal distance and each of the four following factors: fixation side, vertical shift, word frequency, and block number, and also an interaction between vertical shift and block number.
Results
Descriptive results are presented in Fig. 3 . The probability of correct word identification is plotted with a locally-weighted least squares approximation (LOWESS). This probability is represented as a function of the horizontal fixation position in number of letters for the 0°and 3°vertical shift conditions (plain and dashed curves respectively), and separately for 5-and 7-letter words (left and right panels respectively). This figure shows bowl-shaped curves, typical of the OVP effect, with best accuracy for fixations slightly left of the centre of 5-letter words (peak at À0.85 and À0.87 letter respectively for the vertically-centred and the vertically-shifted condition), and a bit more to the left of the centre of 7-letter words (peak at À1.14 and À1.42 letter respectively for the verticallycentred and the vertically-shifted condition). Importantly, the slopes of the curves appear to vary with the vertical presentation condition, an effect that cannot be due to ceiling or floor effects since the overall level of performance was in the same range for the two vertical conditions (respective mean probabilities of correct answer were 0.37 and 0.36 for the 0°-and the 3°vertical shift conditions). The slopes tend to be slightly steeper in the 0°-compared to the 3°vertical shift condition for both 5-and 7-letter words.
Results of the GLMM analysis are presented in Table 1 and plotted in Fig. 4 . Logistic models use the logit transformation (i.e. y = log (p/(1 À p)) to fit the probability distribution of binary data (correct vs. incorrect answers). Thus, estimates and standard deviations of the fixed effects coefficients are expressed in logit units and can be back transformed into probabilities using the inverse logit formula (p = 1/(1 + exp Ày ). The values presented in the first column of Table 1 are the estimates of the fixed effects coefficients in logit units. The intercept estimate (logit = À0.204) corresponds to the performance when the continuous factors ''horizontal distance'' and ''block number'' as well as the categorical factors are at their reference value (i.e. vertical position = 0°, fixation side = left, word length = 5 and word frequency = low). The last column gives the predicted probability of correct word recognition for the intercept and for the non-reference levels of each categorical factor. These five values correspond to the intercepts of the curves plotted in Fig. 4 . Recognition probability at reference level is obtained by applying the inverse logit formula to the intercept estimate (1/(1 + exp À(À0.204) ) = 0.449, cf. Fig. 4 , solid black line when the abscissa = 0). Probability corresponding to the non-reference level of a categorical factor is obtained by adding its estimated value to the intercept value (in logits), and then back transforming the result with the inverse logit formula. For example, predicted recognition probability for vertically-shifted words (when other factors are at reference value) is p = 1/ (1 + exp À(À0.204À0.991) ) = 0.232. The model shows a significant effect of all categorical factors. It predicts better overall performance for the vertically-centred (p = 0.449) than for the vertically-shifted words (p = 0.232, cf. Fig. 4 , solid grey line, abscissa = 0). It also predicts better performance for 5-compared to 7-letter words (p = 0.408), and when subjects are fixating to the left rather than to the right (p = 0.364) of the word centre. The model also predicts a lower probability of correct answers for low-compared to high-frequency words (p = 0.660). The estimate of a continuous factor represents the slope of the linear relationship (in logit units) between the dependent variable and the predictor (NB in Table 1 , the estimates corresponding to continuous factors were not back transformed in probability as the curves are not linear when the dependent variable is expressed as a probability).
Here, the estimate of the effect of horizontal distance was significantly negative (logit = À0.427), meaning that the probability of correct identification decreased exponentially when horizontal distance increased. Inversely, block number had a significant positive effect (logit = 0.151), meaning that the probability of correct word identification increased over the experiment. We found a significant interaction between horizontal distance and vertical position, indicating that the effect of horizontal distance was stronger in the 0-(logit = À0.427) than in the 3°vertical condition (logit = À0.427 + 0.260 = À0.167). The negative estimate of the interaction between horizontal distance and fixation side showed that the effect of horizontal distance was stronger when the eyes fixated to the right (logit = À0.427-0.247 = À0.674) than to the left (logit = À0.427) of the word centre. This latter result confirms the left/right asymmetry tendency of the OVP curve with an advantage of the right visual field (fixation to the left of the word's centre) over the left one. Block number showed no significant interaction, neither with horizontal distance nor with vertical shift, meaning that even if recognition improved over the time course of the experiment, learning did not influence the shape of the OVP curve in either of the two conditions of vertical shift. Finally, we found no significant interaction between horizontal distance and word fre- 
Table 1
Results for the fixed effects obtained with a Generalised Linear Mixed Effects Model of the probability of correct word recognition. Estimates and standard deviations are given in logit units and can be back transformed to obtain the corresponding ratio (see text). The last column gives the predicted ratio for the different levels of the categorical predictors. The intercept represents the predicted proportion of correct answers when all the predictors are at their reference value (horizontal distance = 0, block number = 0, vertical shift = 0°, fixation side = left, word length = 5 and word frequency = low). Interaction effects are represented by a colon. quency meaning that the shape of the OVP effect was not affected by word frequency. Fig. 4 plots the effects revealed by the above analysis in terms of probability of correct word identification as a function of horizontal distance; the effect of block number is not represented here. The black plain curve shows the effect of horizontal distance when all other factors were set at their reference level ('reference regression curve'). The other curves show the effect of horizontal distance when one of the four categorical factors was changed: vertical position = 3°(plain grey), fixation side = right (dashed black), word length = 7 (dashed grey), and word frequency = high (dotted grey). This figure highlights that the curve corresponding to a vertical position of 3°(plain grey) is less steep than the reference curve, thus showing that vertical shift does affect the shape of OVP curves.
Discussion
Previous investigations have shown that a word is most easily and most rapidly identified when the eyes first fixate slightly to the left of the centre of the word. Here we found that this OVP effect, which has been extensively studied in central vision (for a review see Brysbaert & Nazir, 2005) , generalises to words in the lower visual field. The likelihood of identifying a word of 5 or 7 letters was maximal when the eyes were horizontally aligned with a position slightly to the left of the centre of the words, and then dropped in an inverted U-shaped manner as the initial fixation location shifted to the right, and to a lesser extent to the left of this optimal location. Yet, the effect was weaker for vertically-shifted words than for words that were centred on the fovea. To our knowledge, there had been only one previous report of an OVP effect in vertically-shifted words, and it was stronger, and not weaker than in central vision (Battista & Kalloniatis, 2002) . However, the overall performance level was relatively high and ceiling effects likely reduced the slopes of OVP curves in the central, control condition. Our data were not contaminated by either ceiling or floor effects, thus arguing for a significant, though weaker OVP effect for words presented in the lower visual field. In the following sections, we discuss this novel finding in normally-sighted viewers, showing how this unequivocally supports the visual account of the OVP effect, and what this may imply for reading with a macular scotoma.
The role of visual processes in shaping the OVP effect
Several factors have been proposed to account for the shape of OVP curves, but visual factors have been attributed a main role. One reason is the possibility to predict OVP curves simply by implementing the drop-off rate of visual acuity with retinal eccentricity (McConkie et al., 1989) , as well as additional visual constraints (Nazir, O'Regan, & Jacobs, 1991) . Another reason is the observation that the OVP effect varies with letter visibility. In a study by Nazir, Heller, and Sussmann (1992) , the effect was found to become gradually stronger as inter-letter spacing, and hence letter eccentricity increased. In another study by Nazir, Jacobs, and O'Regan (1998) , the OVP effect was found to cancel out when the letters of the word were scaled as a function of their eccentricity, and hence letter visibility was equated, at least in the case of short, 5-letter words, but not longer 9-letter words. Our data provided further evidence for the visual assumption for short, 5-letter words, as well as longer, 7-letter words, and without changing the shape of the words. They showed for all our participants and irrespective of the length and the frequency of the words, that the OVP effect was weaker when words were presented below the line of sight compared to when they were vertically centred. This pattern can be explained by the geometrical properties of visual acuity and/or crowding. Letter eccentricity (2D distance from fixation location) versus horizontal letter position has a much shallower slope for vertically-shifted compared to vertically-centred words (cf. Fig. 1) . As a result, the decrease of letter visibility with horizontal letter position is less steep for words presented below the line of sight. Besides, when letters are flanked by other letters, they are less subject to crowding in the lower visual field than on the horizontal meridian since the ellipses that represent the critical spacing for crowding are oriented toward the fixation point (Pelli et al., 2007) .
One may argue that the weakening of the OVP effect in the lower visual field was unrelated to the geometry of visual acuity and/ or crowding, and was simply the byproduct of vertically-shifted words benefiting, in our experiment, from longer visual exposure than vertically-centred words (148 vs. 34 ms). By using longer presentation times, we aimed at compensating for the overall reduced letter visibility of peripheral words, and in turn allowing peripheral and foveal words to be identified with comparable accuracies. However, this may have, as a counterpart, also reduced the OVP effect in the lower visual field as suggested by Legge, Mansfield, and Chung's (2001) finding of larger visual spans for longer presentation times. However, we think it is rather unlikely. In Brysbaert, Vitu, and Schroyens' (1996) study, the shape of the OVP effect as measured for vertically-centred words, remained unchanged for presentation times ranging between 28 and 84 ms (i.e. a 3-fold increase). It is therefore reasonable to assume that this holds for slightly longer durations, particularly in the absence of ceiling effects as in our experiment.
Although our results support the hypothesis that letter visibility plays a main role in determining the shape of the OVP effect, we do not exclude a possible contribution of other factors which have been shown to also influence the OVP effect. However, we think these were not responsible for the weakening of the OVP effect in the lower visual field. Nazir (2000) proposed the assumption that perceptual learning contributes to determine the slope as well as the asymmetry of OVP curves in central vision (Mishkin & Forgays, 1952; Nazir et al., 2004) . However, this would predict no OVP effect at all for vertically-shifted words. Indeed, normal reading proceeds preferentially along the line of text being fixated, but not the line(s) below (Pollatsek et al., 1993) , and word recognition in the lower part of the visual field is certainly not as trained as foveal word identification. Moreover, as we have seen, block number interacted neither with horizontal distance nor with vertical shift. This indicates that the general improvement of identification performance we observed over the time course of the experiment was not specific to one particular vertical-presentation condition and did not impact on the strength of the OVP effect. Thus, perceptual learning was an unlikely factor responsible for the weakening of the OVP effect in the lower visual field.
On the other hand, Clark and O'Regan (1999) showed that lexical factors can on their own account for the OVP effect in verticallycentred words. They measured the number of words in the lexicon which share a set of four letters, those which are minimally extracted from a word (the two letters horizontally aligned with fixation and the two extreme letters of the word). They found that lexical ambiguity measured as such, varies in a U-shape manner with initial fixation location, and proposed on that basis that it is not the number of letters identified from a given fixation location, but rather the lexical informativeness of these letters, which shapes the OVP effect. The finding that the OVP effect was weaker when words were presented in the lower part of the visual field cannot be explained in the same terms. Indeed, if word identification relied only on lexical constraints and the identity of the extracted letters, but not the number of extracted letters nor their respective visibility levels, then the OVP effect should remained unperturbed by the words' vertical offset. We must acknowledge that we did not control for the repartition of information within the words, and given that two different lists of words were attributed to vertically-centred and vertically-shifted presentation conditions respectively, the differences we observed could well be due to the lexical content of the stimuli. However, we think this is rather unlikely mainly because the variations of the OVP effect with vertical shift were independent of the block of trials and hence the set of words. Furthermore, care was taken that word frequency was comparable between the two vertical presentation conditions. Note however that neither the overall increase of word identification performance with word frequency nor the lack of an effect on word frequency on the OVP effect (see also O'Regan & Jacobs, 1992; O'Regan & Lévy-Schoen, 1987 ) is consistent with a lexical hypothesis. Indeed, this would predict both a decrease of the OVP effect and overall better scores for less frequent words (see Clark & O'Regan, 1999) . Thus, it seems unlikely that lexical factors are responsible for the weakening of the OVP curves in the lower visual field and for inducing the general shape of OVP curves. Rather, lexical factors may intervene on top of visual factors, which firstly determine how many letters are available from a given eye fixation location (see also Legge, Mansfield, & Chung, 2001; Stevens & Grainger, 2003) .
Implications for reading in peripheral vision
When normally-sighted viewers read a text, they extract word information mainly in the foveal part of their retina. Some words may benefit from being previewed in the near periphery (see Rayner, 1998) , but peripheral input mainly serves to guide the eyes over the lines of text. For patients with central field loss, however, reading can no longer proceed in the fovea, and must rely instead on the processing of peripheral word information. Poor resolution in the periphery as well as patients' fixation instability are correlated with severe reading impairments (Castet & Crossland, 2012; Crossland, Culham, & Rubin, 2004) . Previous research has, among other things, attempted to determine whether there is an optimal placement of the eyes for peripheral words to be recognised most efficiently. The present findings provide further elements to this crucial issue.
Although previous studies have failed to reveal a significant correlation between the reading performance of patients and the location of their PRL (Crossland, Culham, & Rubin, 2005; Fletcher, Schuchard, & Watson, 1999) , both empirical data and theoretical elaborations suggest that patients should more greatly benefit from placing their scotoma above or below rather than to the side of the target words (Bernard et al., 2008; Sunness et al., 1996) . In several studies, word identification performance was found to improve when either patients or normally-sighted readers with an artificial scotoma were trained to use a vertical compared to a lateral PRL (Nilsson, Frennesson, & Nilsson, 2003; Petre et al., 2000) . Furthermore, there are a number of reasons why reading in the lower visual field may be more favourable. One is simply that this prevents the scotoma from masking the remaining part of the line being read, which may be critical in terms of ongoing processing and eye guidance (Rayner, Well, & Pollatsek, 1980) . Another reason, proposed by Petre et al. (2000) is related to the visual constraints that apply to letter extraction in the lower (or upper) as opposed to the lateral visual field. Fixating above rather than to the side of the target word reduces the eccentricity of the most eccentric letters of the word, especially when the gaze is horizontally aligned with the word's centre; it thus reduces the impact of the overall decrease of letter visibility in the periphery.
The present study provided another reason why a vertical (vs. lateral) PRL might be beneficial for AMD patients. By showing that the horizontal alignment of the eyes with the centre of words is not as crucial for vertically-shifted words compared to verticallyaligned words, this suggested that peripheral reading may present the additional advantage of reducing the need for accurate saccade programming. This is particularly critical since AMD patients experience difficulties in programming accurate saccades to specific target locations (White & Bedell, 1990; Whittaker, Cummings, & Swieson, 1991) .
Although our study was limited to a vertical eccentricity of 3°(a relatively small distance compared to those observed in AMD pa-tients), it is likely that our finding of a weaker OVP effect at 3°in the lower visual field generalises to other parts of the visual field, and may have in turn some implications for reading with a macular scotoma. From the visual basis of the OVP effect as well as the geometry of visual acuity and crowding (see Fig. 1 ), it is reasonable to expect that the weakening of the OVP effect we observed at an eccentricity of 3°would become even greater for words further away from the line of sight.
Conclusion
Words presented on the horizontal meridian are best recognised when the centre of the fovea is aligned with their centre, or a position slightly left of it. We have shown that this so-called Optimal Viewing Position effect generalises to words presented at a vertical eccentricity of 3°in the lower visual field, although it is weaker than in central vision. Thus, it remains important to keep the eyes horizontally aligned with the centre of words (or a position slightly left of it) while reading below the line of sight, but it is not as critical as in central vision. A parsimonious explanation relies on letter visibility: as letters move along the horizontal axis in the lower visual field, their distance to the fovea (2-D eccentricity), and hence their visibility decreases relatively less than when letters are along the horizontal meridian. While further supporting the hypothesis that the OVP effect shapes as a result of visual constraints, our results additionally suggest in line with previous data that patients with a central scotoma may more greatly benefit from a vertical (upper or lower) than a lateral PRL, while reading a text. This will be the work of future research to further investigate the implications of our findings for reading with a central scotoma.
